Abstract-As technology scales, low power design has become a significant requirement for SOC designers. Among the existing techniques, Multiple-Supply Voltage (MSV) is a popular and effective method to reduce both dynamic and static power. Besides, level shifters consume area and delay, and should be considered during floorplanning. In this paper, we present a new floorplanning system, called MVLSAF, to solve multi-voltage and level shifter assignment problem. We use a convex cost network flow algorithm to assign arbitrary number of legal working voltages and a minimum cost flow algorithm to handle level-shifter assignment. The experimental results show MVLSAF is effective.
I. INTRODUCTION
As technology scales, low power design has become a significant requirement for system-on-chip designers. Many techniques were introduced to deal with power optimization. Among the existing techniques, Multiple-Supply Voltage (MSV) is one of the most effective methods for both dynamic and static power reduction while maintaining performance. In the MSV design, one of the most important problem is voltage assignment: timing critical modules are assigned to higher voltage while noncritical modules are assigned to lower voltage, so the power can be saved without degrading the overall circuit performance.
There are a number of previous works addressing voltage assignment in floorplanning. Among these works, voltage assignment is considered at various stages, including prefloorplanning [4, 5] ; during floorplanning [6, 7, 8, 9] ; and postfloorplaning [10, 11, 12] .
Level-shifter [1] has to be inserted to an interconnect when a lower voltage module drives a higher voltage module or a circuit may suffer from excessive short-circuit current energy. From [5, 9] we can observe that the number and the area of level shifters can not be ignored when modules increase. As a result, level-shifters may cause performance and area overhead, and should be considered during floorplanning. Accordingly, MSV aware floorplanning includes two major problems: voltage assignment and level shifter assignment, which make the design process much more complicated. Lee et al. [5] handle voltage assignment by dynamic programming, and level shifters are inserted as soft blocks. An approach based on ILP is used in [11] for voltage assignment at the post-floorplanning stage. To make use of physical information among modules during floorplanning, Ma et al. [8] transform voltage assignment problem into a convex cost network flow problem. However, their approach consider neither level-shifters' area overhead nor level-shifters' physical infomation.
Yu et al. [9] use a convex cost network flow algorithm to assign voltage and a minimum cost flow algorithm to handle level-shifter assignment which considers level-shifters' positions and areas. However, their work can only assign two legal working voltages. Besides, level shifters are assumed to be soft modules and ratios can not controlled well.
In this paper, we propose a new floorplanning system MVL-SAF, which is extended from [9] . At floorplanning phase, we use: a convex cost network flow algorithm to assign multivoltages; a minimum cost flow algorithm with more accurate model to assign level shifters.
The remainder of this paper is organized as follows. Section 2 defines the voltage-island driven floorplanning problem. Section 3 presents our algorithm flow. Section 4 reports our experimental results. At last, Section 5 concludes this paper.
II. PROBLEM FORMULATION
Definition 1 (DP-Curve). The power-delay tradeoff of each module is represented by a DP-Curve {(d1, p1), (d2, p2), . . . , (d k , p k )}, where each pair (di, pi) is the corresponding delay and power consumption when module is operated at voltage vi( Fig.1(a) ).
We assume that power is a convex function of delay when each point (di, pi) is connected to its neighboring point(s) by a linear segment in the DP Curve. Besides, each level shifter has its own DP-Curve ((di, pi) is delay and power consumption when it is driving voltage i). Lower voltage module needs bigger level shifter to drive other modules. Since bigger level shifter consumes more delay and power, we assume the level shifter's DP-Curve is also convex(as shown if Fig.1(b) ). We extend the problem in [9] 
. 
III. ALGORITHM of MVLSAF
Our work is similar to that presented in [9] , in which a two phases framework is presented to deal with voltages and level-shifters assignment during floorplanning. However, our approach differs from [9] in the following ways: during voltage assignment, we support arbitrary number of legal voltages allowing further power reductions in certain applications; during level-shifter assignment, we adopt more accurate model to calculate possible level-shifter number in white space, which control level shifter under certain H/W ratio.
A. Multi-Voltages Assignment
To take consumption of level-shifter into consider, for each module, we modify its DP-Curve: replace each pair (di, pi) by (di + d Fig.1(c) .
is also convex. THEOREM 1. Modified DP-Curve is piecewise linear convex function with integer breakpoints, and we can apply convex cost flow algorithm to solve voltage assignment problem [3] .
Given netlistĜ, we translate it intoḠ = (V ,Ē)(adding start node s and end node t, dividing each node ni ∈Ĝ into 2 nodes Ii and Oi, as shown in Fig.2(a) ). SoV = {s, t, I1, O1, I2, O2, . . . , Im, Om}. And Ii is connected to Oi by a directed edge. We denote these new created edges {e(Ii, Oi)|Ii, Oi ∈V } asĒ1, denote edges {e(s, I k )|I k ∈V } asĒ3, and other edges asĒ2, andĒ =Ē1 ∪Ē2 ∪Ē3.
The mathematical program of voltage assignment is in (1),where dij is delay from node i to node j.
M inimize
We can incorporate constraints (1b) and (1a) by transforming (1b) into µs − µt ≥ −T cycle , and define dst, s.t. µt − µs = dst & dst ≤ T cycle . Accordingly,Ē3 = {Ē3 ∪ e(s, t)}, and the transformed DAGḠ is shown in Fig.2(b) . Besides, we dualize the constraints (1a) using a nonnegative Lagrangian multiplier vectorx, obtaining the following Lagrangian subproblem:
We define function Hij(xij) for each e(i, j) ∈ E as follows:
THEOREM 2. The function Hij(xij) is a piecewise linear concave function of xij, and ∀e(i, j) ∈ E1, Hij(xij) is described in the following manner:
where bij(q) =
To transform the problem into a minimum cost flow problem, we construct an expanded network G = (V , E ). There are three kinds of edges to consider:
• e(i, j) in E1:we introduce k edges in G , and the costs of these edges are:
, where M is a huge confficient; lower capacities are both 0. • e(i, j) in E2: cost, lower and upper capacity is −dij, 0, M.
• Edge in E3: two edges are introduced in G , one with cost, lower and upper capacity as (−Kj, −M, 0), another is (0, 0, M ).
Using the cost-scaling algorithm, we can solve the minimum cost flow problem in G . For the residual network G(x * ) and solve a shortest path problem to determine shortest path distance d(i) from node s to every other node. By implying that µ(i) = d(i) and dij = µ(i) − µ(j) for each e(i, j) ∈ E1, we can finally solve voltage assignment problem.
B. Level-shifters Assignment
After voltage assignment, each module is assigned a voltage, then the number of level shifters n is determined. In level shifter assignment we carry out minimum cost flow algorithm to try to assign every level-shifters one room. Compared with [9] , we present a more accurate model estimating possible number of level shifters in white space to avoid too much ratio.
We construct a network graph G * = (V * , E * ), and then use a min-cost max-flow algorithm to determine which room each level shifter belong to.
• V * = {s, t} ∪ LS ∪ R.
• E * = {(s, lsi)|lsi ∈ LS} ∪ {(lsi, rj)|∀f rij = 1} ∪ {(rj, t)|rj ∈ R}.
• Capacities:
C(s, lsi) = C(lsi, rj) = 1, C(rj, t) = N umLS(j).
• Cost: F (s, lsi) = 0, F (rj, t) = 0; F (lsi, rj) = Fij.
where f rij = 1, if lsi can be inserted into rj 0, others and Fij can refer to [9] . The algorithm of N umLS(i), which accurately estimates number of possible level shifters in white space, is shown in ; Algorithm 1. In room rj, white space is split into at most three parts: pj1, pj2, pj3(as shown in Fig.3 ). It can be shown that any flow in the network G * assigns level shifters to white spaces. The minimum cost flow algorithm can be run in polynomial time [3] .
After level-shifter assignment, level shifters that can not be assigned to any room are belong to set ELS. We use heuristic method to assign level shifters in ELS, so more level shifters in ELS, more ILO(Interconnect Length Overhead [9] ). If white space wsi is too narrow, then level shifters being assigned to wsi are all belong to ELS. More accurate model we used (Algorithm 1) can reduce the number of level shifters in ELS and then reduces ILO.
IV. EXPERIMENTAL RESULTS
We implemented algorithm MVLSAF in the C++ programming language and executed on a Linux machine with a 3.0GHz CPU and 1GB Memory. Fig. 4 shows the experimental results of the benchmarks n50 and n100.
We use CBL [2] to represent every floorplan generated. Besides, all the multi-pin nets are decomposed into a set of source-sink two-pin nets. Cost function in floorplanning is: Φ = λAA + λW W + λP P + λRR + λN N , where A and W represent the floorplan area and wire length; P represents the total power consumption; R represents the power network resource; and N records the number of level shifters that can not be assigned.
The previous work [9] is the recent one in handling floorplanning problem considering voltage and level-shifter assignment. We performed our algorithm MVLSAF and VLSAF in [9] on the same test circuits, which are based on the GSRC benchmarks adding power and delay specifications. For each test circuit, we set k as 4, and run MVLSAF and VLSAF 5 times. Table II lists In order to demonstrate the effectiveness of our approach, we have done three sets of experiments in which the number of legal working voltage for each module is set two, three and four. The detailed results are listed in Table III .
V. CONCLUSIONS
We have extended framework in [9] to solve multi-voltage and level shifter assignment problem: a convex cost network flow algorithm to assign arbitrary number of legal working voltages; a minimum cost flow algorithm to handle level shifter assignment. Experimental results have shown that our framework is effective in reducing power cost while considering level shifters' positions and areas.
